A rapid and simple method of using solid-phase microextraction was developed for determination of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) in water samples. In this method, the target analyte is extracted from the sample into the polymeric coating of the fused-silica fiber. After exposure, the fiber is thermally desorbed in the heated injection port of the gas chromatograph, and a chromatographic analysis is performed by using low-resolution tandem mass spectrometry. Parameters that may affect the extension of the microextraction process, such as sampling mode, sample volume, temperature, agitation, and sampling time, were studied. Extraction efficiencies for 3 coating fibers were investigated: 100 mm poly(dimethylsiloxane) (PDMS), 65 mm PDMS-divinylbenzene, and 75 mm carboxen-PDMS. Linearity was evaluated (R = 0.999) for a 250-fold concentration range from the fg/mL to the pg/mL level. The 2,3,7,8-TCDD was detected at the fg/mL level when the headspace over the water sample was sampled for 60 min; the limit of detection obtained was better than that of Method 8280B of the U.S. Environmental Protection Agency. The proposed method performed well when applied to the analysis of tap water, lake water, and seawater samples. P olychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-p-furans (PCDFs) are groups of structurally related aromatic halogenated hydrocarbons that include 210 compounds (75 PCDDs and 135 PCDFs) commonly known as dioxins. Each compound comprises 2 benzene rings that have from 1 to 8 chlorine substituents and are interconnected by 1 (PCDFs) or 2 (PCDDs) oxygen bridges. Dioxins have never been intentionally manufactured, except in small quantities for research purposes, but they can be released into the environment from different sources including incineration and combustion processes, manufacturing of certain chlorinated chemicals (chlorophenols, polychlorinated biphenyls, vinyl chloride monomer, chloroaniline, chlorobenzene, silvex, 2,4,5-trichlorophenoxyacetic acid, etc.), and chlorine bleaching in pulp and paper mills (1-3). PCDDs and PCDFs are among the most widespread environmental contaminants, having been detected in virtually all environmental media (4, 5). In spite of their low concentration in water, the pollution hazard to water bodies is due to their ability to accumulate in sediments, algae, and phytoplankton; they are transferred through the food chain, where they biomagnify. Although 17 of the 210 PCDDs/PCDFs (7 PCDDs and 10 PCDFs) are considered very toxic, special attention has been focused on the most toxic of these compounds, 2, 3, 7, 3, 7, 6) . Since 1997, 2,3,7,8-TCDD has been considered a known human carcinogen (7).
P olychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzo-p-furans (PCDFs) are groups of structurally related aromatic halogenated hydrocarbons that include 210 compounds (75 PCDDs and 135 PCDFs) commonly known as dioxins. Each compound comprises 2 benzene rings that have from 1 to 8 chlorine substituents and are interconnected by 1 (PCDFs) or 2 (PCDDs) oxygen bridges. Dioxins have never been intentionally manufactured, except in small quantities for research purposes, but they can be released into the environment from different sources including incineration and combustion processes, manufacturing of certain chlorinated chemicals (chlorophenols, polychlorinated biphenyls, vinyl chloride monomer, chloroaniline, chlorobenzene, silvex, 2,4,5-trichlorophenoxyacetic acid, etc.), and chlorine bleaching in pulp and paper mills (1) (2) (3) . PCDDs and PCDFs are among the most widespread environmental contaminants, having been detected in virtually all environmental media (4, 5) . In spite of their low concentration in water, the pollution hazard to water bodies is due to their ability to accumulate in sediments, algae, and phytoplankton; they are transferred through the food chain, where they biomagnify. Although 17 of the 210 PCDDs/PCDFs (7 PCDDs and 10 PCDFs) are considered very toxic, special attention has been focused on the most toxic of these compounds, 2,3,7,8-tetrachlorodibenzo-p-dioxin (2, 3, 7, 6) . Since 1997, 2,3,7,8-TCDD has been considered a known human carcinogen (7) .
Analytical methods for the determination of PCDDs/PCDFs in water require large sample volumes, extensive cleanup, and concentration procedures that are time consuming and involve the use of large volumes of hazardous and expensive solvents. These conventional methods are usually based on liquid-liquid extraction and solid-phase extraction for clean waters, with multiple steps of extraction, evaporation, solvent changes, etc., and they usually require several hours. This time of analysis may be even longer when suspended particulate matter must be also extracted (8, 9) . Solid-phase microextraction (SPME) is a relatively new and increasingly popular sample preparation technique; it is based on the partitioning of the analyte between the sample and a sorbent-coated silica fiber that overcomes the above-mentioned disadvantages. SPME combines the extraction and concentration of the analytes in a single step and allows the direct transfer of the extracted compounds into the injection port of a chromatographic system (10-12). SPME procedures have been successfully applied to the determination of organic pollutants, including polycyclic aromatic hydrocarbons (PAHs; 13-15), volatile organic compounds (VOCs; 16), pesticides (17, 18) , polychlorinated biphenyls (PCBs; 19, 20) , and phenols (21) (22) (23) .
Our goal was to evaluate SPME as an alternative to conventional sample preparation techniques for the monitoring of 2,3,7,8-TCDD in water samples. Parameters affecting the SPME process, such as extraction mode, sample volume, tem-perature, agitation, addition of salt, and sampling time, were investigated. The experimental conditions of the method proposed in this work were focused on the determination of the most toxic dioxin, 2,3,7,8-TCDD. If other related compounds are to be determined, then a longer column should be used (24) .
Experimental

Reagents and Materials
An analytical reference standard solution of 2,3,7,8-TCDD was obtained from Supelco (Bellefonte, PA). The concentration of the standard solution was 10 mg/mL. Water solutions were prepared by dilution of an intermediate acetone solution of the analyte at 250 ng/mL. To optimize the ionization parameters and to evaluate instrumental performance, a standard solution was prepared at 100 ng/mL by diluting the reference standard solution with isooctane.
Tap water and natural water samples from the lake and the beach of Valdoviño (La Coruña, Spain) were collected in amber glass containers and maintained in the dark at 4°C from the time of collection until analysis.
All solvents and reagents (analytical grade) were purchased from Merck (Mollet del Vallés, Barcelona).
Gas Chromatography with Tandem Mass Spectrometry (GC/MS/MS)
Analyses were performed with a Varian 3800 gas chromatograph (Varian Chromatography Systems, Walnut Creek, CA) equipped with a Varian 1079 split/splitless injector and a Varian Saturn 2000 ion-trap spectrometer (Varian Chromatography Systems) with a waveboard for MS/MS analysis. The GC/MS/MS system was operated by Saturn (Varian Chromatography Systems) GC/MS WorkStation v5.4 software. A 25 m´0.32 mm id capillary column coated with a 0.25 mm film of CPSil-8 was used. The GC oven temperature was programmed at 90°C for 2 min, increased at 30°C/min to 240°C, held for 8 min, and increased at 30°C/min to a final temperature of 280°C, and held for 5 min. Helium was used as the carrier gas with a constant column flow of 1.0 mL/min.
The injector was programmed to return to the split mode 2 min after the beginning of a run. Split flow was set at 50 mL/min. Injector, trap, manifold, and transfer line temperatures were 270, 250, 50, and 280°C, respectively. The MS procedure contains an initial segment of 8.0 min for solvent delay and a second segment from 8.0 to 15.0 min for the determination of 2,3,7,8-TCDD.
MS ionization parameters: electron ionization (EI) with automatic gain control (AGC); filament emission current, 95 mA; multiplier voltage, 10 5 gain incremented in 150 V; axial modulation, 3.7 V; scan rate, 1 s/scan; AGC target total-ion current (TIC), 2000 counts; and AGC prescan ionization time, 1500 ms.
Ion Preparation Parameters
Ejection storage level, 48 amu; ejection amplitude, 20 V; collision-induced dissociation (CID) waveform, resonant; CID excitation storage level, 161.0 amu; modulation rate, 30 ms/digital analog counts (DAC); excitation time, 5 ms; and CID frequency offset, 0 kHz. Molecular ions were generated in a narrow mass window centered at 323.9 amu, corresponding to the [M + 4] fragment of 2,3,7,8-TCDD. An isolation window of 1 amu was selected to maximize the signal-to-noise ratio (S/N) in the experiments. Low-and high-edge offsets were set at 3 and 4 DAC, respectively, whereas high-edge amplitude was set at 30 V. bers housed in manual holders were used for extraction. The 2,3,7,8-TCDD-spiked water was loaded into a 120 mL vial. The vial was sealed with a headspace (HS) aluminium cap and a Teflon-lined septum. Depending on the experiment, the SPME fiber was immersed in the water (SPME) or exposed to the HS above the sample (HSSPME) for 10-180 min. For experiments performed at high temperature, samples were immersed in a temperature-controlled water bath. Teflon-coated magnetic stirring bars were used for continuous agitation of the sample in experiments in which the effect of agitation was tested. After extraction, the fiber was immediately desorbed into the split/splitless injector of the gas chromatograph for 5 min. Fibers were cleaned for 5 min at 260°C before each SPME. Reinsertion of the SPME fiber after an analytical run did not show any carryover. Every day before use, the SPME fiber was conditioned for 10 min at 260°C.
Results and Discussion
Preliminary investigation to determine the feasibility of extracting the 2,3,7,8-TCDD from the HS (HSSPME), rather than directly from the sample (SPME), was performed. Aliquots (100 mL) of a water spiked with 2,3,7,8-TCDD at 10 pg/mL were used for the study. Because the kinetics of the extraction process was expected to be slow, experiments were performed not only at 25°C but also at 100°C. The HSSPME approach at 100°C has also been recommended for dioxin-related compounds such as PCBs (19) . Aqueous solutions were stirred during sampling. Extractions of 30 min were conducted with 100 mm PDMS, 65 mm PDMS-DVB, and 75 mm CAR-PDMS fibers; based on the coating dimensions reported by the manufacturer, the volumes of the coatings were 0.612, 0.357, and 0.436 mL, respectively (13). Responses obtained with the CAR-PDMS were about 2 orders of magnitude lower than those obtained with the other 2 fibers. Figure 1 shows the results obtained with the PDMS and PDMS-DVB fibers. At 100°C, the SPME and HSSPME responses were much greater than those obtained at 25°C in all cases. This effect must be attributed to the acceleration of the mass transport toward the fiber when the temperature increases. At 100°C, the extraction efficiency of HSSPME was higher than that of SPME; at this temperature, the HSSPME responses were about 2.8 (PDMS fiber) and 2.1 (PDMS-DVB fiber) times higher than the corresponding responses obtained with the direct sampling mode (SPME).
The influence of agitation on the amount of analyte absorbed by SPME and HSSPME was investigated. Vials (120 mL) were filled with aliquots of a spiked-water solution. Encapsulated vials were placed in a water bath at 100°C. The SPME fiber was exposed to the sample or to the HS above it for 30 min. The water samples were magnetically agitated with a stirring bar at 500 rpm. New stirring bars were used for each extraction. The results are shown in Figure 2 ; for the PDMS fiber, as well as for the PDMS-DVB fiber, the responses obtained by direct SPME with agitation were much higher (about 5 times) than those obtained without agitation. Thus, the rate-limiting step of the direct SPME procedure must be the diffusion of the analyte through the liquid boundary layer surrounding the coating (Prandt boundary layer). However, with HSSPME the agitation of the sample did not lead to a significant increase in response. In all these cases, the responses achieved with both fibers were very close under any of the extraction conditions tested. From the results obtained, the HSSPME procedure without agitation was chosen as the best approach for the extraction of 2,3,7,8-TCDD from water samples. SPME is mainly an equilibrium analytical method. By definition, the equilibrium of a system is reached when the concentration differences between 2 neighboring phases have satisfied the values of their partition coefficient. Thus, when the system has reached equilibrium conditions, a further increase in extraction time does not result in a significant increase in the amount of analyte extracted by the fiber. Our attention was focused on the use of the PDMS and PDMS-DVB fibers. To determine which coating leads to a higher response in the HSSPME of 2,3,7,8-TCDD, the extraction kinetics at 100°C were investigated with both fibers. Different extraction times (10, 20, 30, 45 , 60, 120, and 180 min) were considered. The sample volume was 50 mL. The extraction time profiles, es- tablished by plotting detector response versus extraction time, are shown in Figure 3 . On the one hand, with the PDMS coating no significant increase in response was observed after 60 min of extraction. On the other hand, when PDMS-DVB was used, 2,3,7,8-TCDD did not reach equilibrium conditions within the time interval considered (3 h). Because the responses obtained with the PDMS-DVB fiber for extraction times > 60 min were higher than those obtained with the PDMS fiber, we can establish that the capacity of the PDMS-DVB coating is higher than that of PDMS. However, responses with both fibers were about the same within the first hour of extraction. For routine analysis, extractions of > 1 h are impractical.
Because the sorption of analytes with a distribution constant of > 1 is an exothermic process, from a thermodynamic point of view, under equilibrium conditions, the higher the temperature the lower the extraction efficiency. However, SPME is basically a mass transfer process, and an increase in temperature is translated into increased partial vapor pressures and diffusion coefficients, increasing the concentration of analyte in the gaseous phase, speeding up mass transfer, and shortening equilibrium time. Therefore, under nonequilibrium conditions, heating the sample may increase the amount of analyte extracted by the fiber, mainly for analytes with slow kinetics. In this work, the effect of temperature on HSSPME performance was investigated. Figure 4 shows the HSSPME response obtained after sampling for 60 min with 100 mm PDMS and 65 mm PDMS-DVB fiber at different temperatures (25, 50, 75 , and 100°C). In order not to exceed the pressure limits of the glass vials, temperatures of 100°C were not investigated. As shown in Figure 4 , as the temperature increases, the amount of 2,3,7,8-TCDD extracted by the coating increases, as a result of the acceleration of the kinetics of the extraction process. However, for the PDMS fiber the response obtained at 100°C was 17% lower than the response at 75°C. As mentioned earlier, at 100°C equilibrium was reached in 60 min with this fiber. On the other hand, when PDMS-DVB was used, the HSSPME responses were enhanced over the entire range of tested temperatures, as a result of the slower HSSPME process for this coating.
The effect of sample volume on the amount of 2,3,7,8-TCDD extracted from a water sample was investigated by HSSPME with 100 mm PDMS and 65 mm PDMS-DVB coatings at 100°C. A set of experiments was conducted by using a constant vial volume (120 mL) and increasing the volume of water from 10 to 100 mL. From SPME theory, it is known that the volume of the phases affects not only the thermodynamics of the extraction, but also the kinetics. However, if equilibrium is reached (as is true for the PDMS fiber), we should note only the effect of the sample volume on the thermodynamics. The combination of partition coefficients among phases for a given analyte determines how the amount of analyte extracted by the fiber is influenced by the sample volume. For compounds with a high fiber-to-sample distribution constant, the sample volume should significantly affect the amount of analyte extracted. However, if the headspace and fiber capacities are very small compared with the sample volume, the amount of analyte extracted becomes independent of the sample volume (infinite volume is reached; 25, 26). As shown in Figure 5 , an increase in water volume produced a significant increase in the amount of 2,3,7,8-TCDD extracted by both coatings up to 50 mL. The responses obtained for sample volumes of 50, 75, and 100 mL were about the same. On the basis of its Henry's law constant, 3.29´10 -5 atm·m 3 /mol (27), 2,3,7,8-TCDD is considered a semivolatile compound, and HS capacity is expected to be negligible, even at 75°C. SPME is mainly an equilibrium analytical technique, so a quantitative transfer of the analyte to the coating is highly improbable. The extraction efficiency is defined as the ratio of the amount of analyte extracted to the total content of the compound in the sample. Water samples of 50 mL with 2,3,7,8-TCDD at 20 pg/mL were used in this study. To evaluate the extraction efficiencies of the PDMS, PDMS-DVB, and CAR-PDMS fibers, the amount of analyte extracted by HSSPME at 100°C with 1 h of exposure was quantified and compared with injections of isooctane standard solutions. PDMS and PDMS-DVB fibers led to similar extraction efficiencies (9.8 and 11.1%, respectively). The extraction efficiency of the CAR-PDMS fiber was very low (0.1%).
Because equilibrium for PDMS HSSPME at 100°C was reached within the time interval studied (in 60 min), and also because infinite volume was reached (50 mL), the amount of analyte extracted (n) is given by the following equation, assuming extraction via absorption (28, 29) :
where C is the initial concentration of analyte in the condensed phase (10 pg/mL), K fS is the distribution constant between the coating and the sample, and V f is the volume of the coating (0.612 mL). high value demonstrates the high ability of the PDMS coating to concentrate this analyte.
At this point in the study, we decided to work with PDMS fiber, because the lifetimes of these fibers are longer than those of PDMS-DVB fibers, and no significant differences in sensitivity were achieved within 60 min of extraction. On the other hand, PDMS-DVB is a mixed porous solid adsorptive material, so the extraction of analytes is performed via adsorption (not absorption; 13, 30), and competition effects, which are associated with adsorption processes, might result in concentration-and matrix-dependent responses.
In SPME and other extraction techniques, partitioning of organic analytes out of an aqueous phase may be enhanced by adding salt to water samples. The presence of salt decreases the solubility of the neutral molecule in the aqueous phase because water molecules prefer to solvate salt ions, forcing more of the analyte into the nonaqueous phase. The addition of salt was investigated as a mean of enhancing the amount of 2,3,7,8-TCDD extracted by the fiber. NaCl was added to the samples to give a final concentration of 0.25 g/mL. The response was 14% lower than that obtained without salt addition.
To evaluate the linearity of the HSSPME method, a calibration study was performed with water samples spiked at levels of 0.2-50 pg/mL. The calibration curve was characterized by a correlation factor of 0.999. The reproducibility of the HSSPME method was also evaluated. A series of 5 samples with 2,3,7,8-TCDD at 10 pg/mL was run on 5 different days. Reproducibility was characterized by a relative standard deviation (RSD) of 7.8%. The limit of detection (LOD) and limit of quantitation (S/N values of 3 and 10, respectively) were 40.5 and 135.1 fg/mL, respectively. Better sensitivity could be obtained by using the PDMS-DVB coating with extraction times of >1 h.
The proposed method was applied to real samples. Studies were performed with different aqueous matrixes, including tap water, seawater, and lake water, by using standard additions calibration. No filtration of the samples was performed. Initial HSSPME analysis of these samples showed no detectable concentration of 2,3,7,8-TCDD, demonstrating that they were suitable for spiked recovery studies. Samples were spiked with an acetone standard solution of 2,3,7,8-TCDD to give the concentrations shown in the second column of Table 1 . Table 1 gives the concentrations of analyte found, as well as the correlation coefficients and the slopes of the standard additions calibration curves for each sample. The apparent recoveries (found/added concentration expressed as a percentage; 31) are also summarized in Table 1 . The results show that the estimated concentrations correlate well with the added concentrations, and the recoveries obtained were between 85 and 100%. On the other hand, the slope obtained by regression analysis for tap water was slightly higher than the slopes obtained for the other samples. This behavior indicates that a matrix effect occurs, which is probably due to the higher concentrations of salt and organic matter in the seawater and lake water samples.
Conclusions
A method was developed for the determination of 2,3,7,8-TCDD by HSSPME using a 100 mm PDMS fiber. The conditions selected were an extraction time of 60 min, a sample volume of 75 mL, and a temperature of 75°C. Satisfactory linearity and reproducibility were obtained. Recoveries of 2,3,7,8-TCDD from tap water, lake water, and seawater were 80-101% with extraction times of 1 h, demonstrating the potential of HSSPME as an alternative to the usual methods of analysis for dioxins in clean waters. An LOD of < 0.1 pg/mL was obtained for 2,3,7,8-TCDD, which is about 100-fold lower than the LOD of Method 8280B of the U.S. Environmental Protection Agency (EPA) also based on the use of low-resolution mass spectrometry (LRMS) as the detection technique, and slightly higher than the LOD achieved with EPA methods based on high-resolution mass spectrometry (HRMS). Lower limits could be obtained by using the PDMS-DVB fiber with extractions times of > 1 h and with HRMS as the detection technique. In any case, the HSSPME method is much simpler and more rapid and does not require manipulation of the sample, and the sample volume is about 1/20 of the water volume needed by most of the usual methods for determination of dioxins in water samples. Therefore, exposure to this hazardous compound and the amount of waste generated are also decreased. Recovery of 2,3,7,8-TCDD from tap water, lake water, 
